When tetrathionate-grown Acidithiobacillus ferrooxidans ATCC 23270 cells were incubated with ferric ions and tetrathionate at pH 3.0, ferrous ions were produced enzymatically. Fe 3þ -reductase, which catalyzes Fe 3þ reduction with tetrathionate, was purified to homogeneity not only from tetrathionate-grown, but also from sulfur-and iron-grown A. ferrooxidans ATCC 23270 cells. The results for apparent molecular weight measured by SDS-PAGE (52.3 kD) and the N-terminal amino acid sequences of the purified enzymes from iron-, sulfur, and tetrathionate-grown cells (AVAVPMDSTG) indicate that Fe 3þ -reductase corresponds to tetrathionate hydrolase. The evidence that tetrathionate-grown A. ferrooxidans ATCC 23270 cells have high ironoxidizing activity at the early log phase, comparable to that of iron-grown ATCC 23270 cells, is supported by our finding that tetrathionate hydrolase produces Fe 2þ from tetrathionate during growth on tetrathionate. This is the first report on ferric reductase activity associated with tetrathionate hydrolase.
The iron-oxidizing bacterium Acidithiobacillus ferrooxidans plays a crucial role in the solubilization of valuable metals from insoluble metal sulfides. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] This might be due to the versatile ability of A. ferrooxidans to oxidize not only ferrous iron but also reduced sulfur compounds in sulfide ores. Many research works on the enzymes and the genes involved in iron oxidation have been done to understand the energy generation system of the industrially important chemolithoautotroph A. ferrooxidans. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] However, our knowledge and understanding of the mechanism of sulfur oxidation is still incomplete for A. ferrooxidans. One big controversy in studies of energy generation in A. ferrooxidans from reduced sulfur compounds is whether an iron oxidation enzyme system containing rusticyanin, c-type cytochromes (cyc 1 and cyc 2), and aa 3 -type cytochrome c oxidase is involved in sulfur oxidation as well as iron oxidation. It has been found that when A. ferrooxidans ATCC 33020 cells are grown in sulfur medium, the genes for rusticyanin, cytochorme c (cyc 1), and aa 3 type cytochrome c oxidase were translated only during the early log phase, and by immune-detection, that these gene products disappeared after the stationary phase. 28) However, by improving the culture method of A. ferrooxidans ATCC 23270 cells in sulfur medium we succeeded in obtaining early log-and stationary phase-A. ferrooxidans ATCC 23270 cells which had approximately 90% and 10% of the iron oxidase activity normally observed in iron-grown cells. 30) The iron oxidation enzyme system was reconstituted from rusticyanin, two kinds of cytochrome c (Cyc1 and Cyc2), and aa 3 -type cytochrome oxidase partially purified from sulfur-grown ATCC 23270 cells. 31) These results indicate that sulfur-grown ATCC 23270 cells have the same iron oxidation enzyme system as iron-grown ATCC 23270 cells, and suggest that the synthesis of iron oxidase during the growth on sulfur has an important implication A. ferrooxidans cells obtain their energy from sulfur. In contrast, some other researchers suggest the involvement of sulfide:quinine oxidoreductase, from A. ferrooxidans NASF-1, 32) and thiosulfate:quinone oxidoreductase, from A. ferrooxidans ATCC 19859, 33) in electron transport from sulfide and thiosulfate respectively to the quinone pool. Then the electrons are transported directly from the quinone pool to bd quinol oxidase or to ba 3 cytochrome c oxidase via the bc 1 II complex and c 4 cytochrome. 33) In this model, bd quinol oxidase and ba 3 cytochrome oxidase, but not aa 3 -type cytochrome c oxides, work as the terminal oxidases in sulfur oxidation.
Why do A. ferrooxidans ATCC 23270 cells always synthesize iron oxidase during growth on sulfur? A. ferrooxidans is known to have the ability to reduce Fe 3þ with sulfur as an electron donor to give Fe 2þ and sulfite. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] 
Materials and Methods
Microorganisms, medium, and conditions of cultivation. The ironoxidizing bacterium used throughout this study was Acidithiobacillus ferrooxidans ATCC 23270. Tetrathionate, elemental sulfur, and iron media (pH 2.5), used in the cultivation of A. ferrooxidans ATCC 23270 contained potassium tetrathionate (0.1%), elemental sulfur (1%), or ferrous sulfate (3%) and (NH 4 ) 2 SO 4 (3.0%), K 2 HPO 4 (0.05%), MgSO 4 . 7H 2 O (0.05%), KCl (0.01%), and Ca(NO 3 ) 2 (0.001%). We did not add ferric sulfate to the elemental sulfur and tetrathionate medium because no marked difference was observed for growth yield and the levels of iron oxidase, Fe 3þ reductase, and SFORase activities when strain ATCC 23270 was grown on sulfur and tetrathionate. 30) Ferric iron, absolutely needed for growth of A. ferrooxidans on sulfur and tetrathionate, was probably supplied by a trace amount of ferric iron in tap water and/or the components of the sulfur medium, because when the sulfur medium without Fe 3þ was prepared with deionized water, but not with tap water, the growth yield of ATCC 23270 in the medium gradually decreased and the 4 timessuccessive cultures in the medium did not support any cell growth. 30) Tetrathionate-and elemental sulfur-grown ATCC 23270 cells, were cultured in 300 ml of sulfur medium (pH 2.5) in a 3,000-ml Erlenmeyer flask with shaking at 30 C. Seven liters of ATCC 23270 cells grown in tetrathionate medium for 2 d or in elemental sulfur medium for 6 d was centrifuged at 10,000 g to collect the cells. The harvested cells were washed 3 times with 0.1 M -alanine-SO 4 2À buffer (pH 2.0) and suspended in the same buffer.
Iron oxidase activity. The activity was determined by measuring the Fe 2þ oxidized in the reaction mixture under aerobic conditions. The reaction mixture was composed of 0.1 M -alanine-SO 4 2À buffer (pH 3.0), washed intact cells (0.1 mg of protein), and ferrous sulfate (4 mmol). The total volume was 3.0 ml. The reaction was carried out by shaking the reaction mixture at 30 C. A sample of the reaction mixture (0.2 ml) was withdrawn and centrifuged at 12;000 Â g for 2 min, and the concentration of Fe 2þ in the supernatant (0.1 ml) was determined spectrophotometrically by the o-phenanthroline method.
Fe
3þ -Reductase activity. The activity of Fe 3þ reductase which catalyzes the reduction of Fe 3þ by tetrathionate, was determined by measuring the Fe 2þ produced in the reaction mixture under aerobic conditions. The composition of the reaction mixture was as follows: 2.0 ml of 0.1 M -alaniene-SO 4 2À buffer, pH 3.0; potassium tetrathionate, 10 mmol; ferric sulfate, 50 mmol; and washed intact cells or purified enzyme, 0.1 mg of protein. The total volume was 3.0 ml. A sample of the reaction mixture (0.2 ml) was withdrawn and centrifuged at 12;000 Â g for 2 min, and the concentration of Fe 2þ in the supernatant (0.1 ml) was determined spectrophotometrically by the o-phenanthroline method.
Purification of Fe
3þ -reductrase. Tetrathionate-grown A. ferrooxidans ATCC 23270 cells were incubated in 0.1 M -alanine-SO 4 2À buffer (pH 2.0), containing 2% 1-O-n-octyl--D-glucopyranoside (OGL) and 1 M Na 2 SO 4 , for 1 h to extract Fe 3þ reductase. After the extraction treatment with OGL, the solution was centrifuged at 105;000 g for 60 min to obtain the supernatant fraction (2% OGL extract). Then solid ammonium sulfate was added to the 2% OGL extract at 45% concentration. The red precipitates (cytochromes) produced in the solution were precipitated by centrifugation at 10;000 g for 15 min and discarded. The supernatant obtained after 45% ammonium sulfate fractionation was applied to a Phenyl-TOYOPEARL 650M column (2 by 10 cm) equilibrated with 0.1 M -alanine-SO 4 2À buffer (pH 3.0) containing 0.2% OGL and 1 M ammonium sulfate. The Fe 3þ reductase fraction from the previous step was further applied to a Sephadex G-100 column (1.5 by 70 cm) equilibrated with 0.1 M -alanine-SO 4 2À buffer (pH 3.0) containing 0.2% OGL and 1 M ammonium sulfate. Finally, the enzyme fraction was applied to a SuperdexÔ 75 column (2 by 20 cm) equilibrated with 0.1 M -alanine-SO 4 2À buffer (pH 3.0) containing 0.2% OGL and 1 M ammonium sulfate. After checking its homogeity, the Fe 3þ reductase fraction from the SuperdexÔ 75 column was used.
Protein measurement. The protein concentration was measured by Lowry's method 47) with crystalline bovine serum albumin as the reference protein.
Results

Growth of A. ferrooxidans ATCC 23270 cells in tetrathionate medium
A. ferrooxidans ATCC 23270 cells were grown in 0.1% tetrathionate medium (pH 2.5) and also in 1% elemental sulfur-medium (pH 2.5). Growth curves were obtained by measuring the protein concentration by Lowry's method after collecting cells from each of the culture media (Fig. 1) . The ATCC 23270 cells grew more rapidly in tetrathionate medium than in elemental sulfur medium. The stationary phase began on the 3rd day of cultivation for tetrathionate-grown cells and from the 6th day of cultivation for sulfur-grown cells. Approximately 27 mg and 90 mg, protein/liter, medium was the maximum growth yield in 0.1% tetrathionateand 1% elemental sulfur-media.
Iron oxidase activity of tetrathionate-grown A. ferrooxidans ATCC 23270 cells
The iron oxidase activity of tetrathionate-grown ATCC 23270 cells was measured and compared with that of sulfur-grown ATCC 23270 cells. The activity was measured by the decrease in Fe 2þ concentration in the reaction mixture by o-phenanthroline method. When the cells were grown in tetrathionate medium, the iron oxidase activity of the cells markedly increased during the log phase (Fig. 2) . Surprisingly, nearly the same iron oxidase activity normally observed in iron-grown cells (5.0 mmol/mg of protein/min) was found in 1-d tetrathionate-cultured cells. The iron oxidase activity of 1-d cultured, sulfur-grown cells was slightly lower than that of the tetrathionate-grown cells. The iron oxidase activity of the sulfur-grown cells rapidly decreased after the mid-log phase, and after 10 d of cultivation, the sulfur-grown cells had approximately 5% of the activity normally found in iron-grown cells. In contrast, approximately 30% of the iron oxidase activity observed at the log phase was retained in the tetrathionate-grown cells after 10 d of cultivation.
Fe
3þ -Reductase activity in tetrathionate-grown A. ferrooxidans ATCC 23270 cells When A. ferrooxidans ATCC 23270 cells grown in the tetrathionate medium were incubated with ferric ions and tetrathionate, ferrous ions were produced enzymatically. Fe 3þ -reductase activity was measured by the increase in the Fe 2þ concentration in the reaction mixture by the o-phenanthroline method. When grown in tetrathionate medium, the Fe 3þ -reductase activity of the ATCC 23270 cells increased markedly during the log phase, and then gradually decreased (Fig. 3) . Tetrathionate-grown cells cultured for 2 d showed maximum Fe 3þ -reductase activity, and approximately 27% of maximum activity was observed in the cells collected after 10 d of cultivation. In contrast to the tetrathionate-grown cells, the Fe 3þ -reductase activities of the elemental sulfur-and iron-grown cells were approximately 14% and 5% respectively, of the maximum activity of the tetrathionate-grown cells, indicating that Fe 3þ -reductase activity was induced in the presence of tetrathionate.
Purification of Fe
3þ -reductase from tetrathionategrown A. ferrooxidans ATCC 23270 cells Fe 3þ -reductase was purified from A. ferrooxidans ATCC 23270 cells grown for 2 d in tetrathionate medium. The resting cells were suspended in 0.1 M -alanine-SO 4 2À buffer (pH 2.0) with 2% 1-O-n-octyl--D-glucopyranoside (OGL) and 1 M sodium sulfate, incubated for 1 h at 30 C, and centrifuged at 105;000 g for 1 h to obtain the supernatant. Fe 3þ -reductase activity was in the supernatant. The results of a typical purification are summarized in Table 1 . The procedure resulted in 11-fold purification over the supernatant fraction, with a yield of 4.8%. The finally purified Fe 3þ -reductase showed one band on SDS-PAGE, with a molecular mass of 52.3 kDa (Fig. 4) . N-terminal amino projects/gorf/ and the GENETYX software showed that the above sequences are the same as that of tetrathionate hydrolase of A. ferrooxidans ATCC 23270. 46) The results obtained for the apparent molecular weight measured by SDS-PAGE confirm that the Fe 3þ -reductase purified from tetrathionate-grown A. ferrooxidans ATCC 23270 is tetrathionate hydrolase. Fe 3þ -reductase was also purified from sulfur-and iron-grown A. ferrooxidans ATCC 23270 cells (Tables 2  and 3 ). The procedures resulted in approximately 93-and 204-fold purification over the supernatant fractions from sulfur-and iron-grown ATCC 27270 cells. The specific activities of the finally purified Fe 3þ reductases from SuperdexÔ 75 column chromatography were nearly the same among the enzymes from tetrathionate-, sulfur, and iron-grown ATCC 23270 cells (Tables 1-3 ). The finally purified Fe 3þ -reductase from sulfur-and iron-grown cells showed one band on SDS-PAGE, with a molecular mass of 52 kDa (data not shown), and N-terminal amino acid sequencing of 10 residues of Fe 3þ -reductases from sulfur-and iron-grown ATCC 23270 cells was the same as that of the tetrathionate-grown ATCC 23270 cells (AVAVPMDSTG).
The purified Fe 3þ -reductase (tetrathionate hydrolase) showed maximum Fe 2þ -producing activity at pH 1.5-3.5 (Fig. 5) , and the amounts of Fe 2þ produced in the presence of Fe 3þ -reductase (tetrathionate hydrolase) were dependent on the concentration of Fe 3þ added to the reaction mixture (Fig. 6) .
The new evidence that A. ferrooxidans ATCC 23270 cells have the ability to produce Fe 2þ during growth on tetrathionate accounts for the high iron oxidase activity observed in the early log phase cells. Symbols: Lane A, protein size marker proteins; Lane B, purified Fe 3þ -reductase (5 mg protein). The molecular weights of the protein size marker and the purified Fe 3þ -reductase are expressed in kDa. Polyacrylamide (12.5%) gel was used in this experiment. 
Discussion
One big controversy in studies of energy generation in A. ferrooxidans is whether the iron oxidation enzyme system is involved in sulfur oxidation. The best clue to solve this problem is to determin whether A. ferrooxidans cells have the ability to produce Fe 2þ from reduced sulfur compounds and synthesize iron oxidase during growth on sulfur. The evidence that tetrathionate-grown A. ferrooxidans ATCC 23270 cells have high ironoxidizing activity at the early log phase, comparable to that of iron-grown ATCC 23270 cells, is supported by our finding that tetrathionate hydrolase produces Fe 2þ from tetrathionate during growth on tetrathionate.
It was found that when A. ferrooxidans cells grow on sulfur, the bacterium synthesizes components of the iron oxidase enzyme system, such as rusticyanin, cytochrome c (Cyc 1 and Cyc 2), and aa 3 type cytochrome c oxidase only during the exponential phase. 28) However, by improving our culturing methods, we found that when grown on sulfur, A. ferrooxidans ATCC 23270 cells have high iron-oxidizing activity, comparable to that of iron-grown cells at the early log phase. 30) Components of iron oxidase, including two c-type cytochromes (Cyc1 and Cyc2), rusticyanin, and aa 3 -type cytochrome oxidase, were partially purified from elemental sulfurgrown ATCC 23270, and the iron oxidase activity was reconstituted from the four-component combination, but not one-, two-, or three-component combinations, 31) indicating that sulfur-grown cells have the same iron oxidation enzyme system as iron-grown cells. In this study we found for the first time that when grown on tetrathionate, A. ferrooxidans ATCC 23270 cells collected at log phase had iron oxidase activity as high as that of iron-grown cells, and approximately 30% of the iron oxidase activity normally found in iron-grown cells remained in the cells after 10 d of cultivation (Fig. 2) . Does A. ferrooxidans has an enzyme system that produces Fe 2þ from reduced sulfur compounds and Fe 3þ ? We found that iron-grown A. ferrooxidans AP19-3 and sulfur-grown A. ferrooxidans ATCC 23270 cells had hydrogen sulfide:ferric ion oxidoreductase (SFORase) activity and sulfite:ferric ion oxidoreductase activity, which reduce Fe 3þ with elemental sulfur and sulfite as an electron donor to produce Fe 2þ . [36] [37] [38] [39] [40] [41] [42] [43] [44] The SFORase activity of sulfur-grown ATCC 23270 was approximately 10-to 20-fold higher than that of the iron-grown ATCC 23270 cells, indicating that SFORase plays a crucial role in the sulfur oxidation of A. ferrooxidans. In addition to strains AP19-3 and ATCC 23270, SFORase activity has been found in many A. ferrooxidans strains. 34, 35, 45) In this study we found for the first time that A. ferrooxidans ATCC 23270 had novel tetrathionate-dependent Fe 2þ producing activity that differed from SFORase and sulfite:ferric ion oxidoreducase. Tetrathionate-dependent Fe 3þ -reductase was purified from not only tetrathionate-grown but also from sulfurand iron-grown A. ferrooxidans ATCC 23270 cells. The procedures used in this study resulted in approximately 11-, 93-, and 204-fold purification over the supernatant fractions from tetrathionate-, sulfur-and iron-grown ATCC 23270 cell, respectively (Tables 1-3 ).The finally purified enzymes gave specific activities of 7.97, 7.70, and 7.90 mU/mg protein for tetrathionate-, sulfur-and iron-grown cells, suggesting that enzyme activity is highly induced during the growth of ATCC 23270 cells on tetrathionate.
Surprisingly, N-terminal amino acid sequencing of 10 residues of Fe 3þ -reductases from tetrathionate-, sulfur-, and iron-grown ATCC 23270 cells was the same as tetrathionate hydrolase from tetrathionate-grown ATCC 23270 cells (AVAVPMDSTG.). 46) Since it is known that tetrathionate hydrolase decomposes tetrathionate with water to give thiosulfate, elemental sulfur, and sulfate, 46) and, that the thiosulfate produced can chemically reduce [30] [31] [32] [34] [35] [36] [37] [38] [39] [40] it is suggested that A. ferrooxidans cells have three kinds of Fe 2þ -producing enzyme systems that use reduced sulfur compounds as an electron donor; one is SFORase, which uses elemental sulfur as an electron donor, the second sulfite:ferric ion oxidoreductase, which uses sulfite as an electron donor, and the third tetrathionate hydrolase, which uses tetrathionate as an electron donor. It is interesting from the ecological point of view on A. ferrooxidans that the bacterium has the ability not only to oxidize Fe 2þ but also to reduce Fe 3þ with reduced sulfur compounds as electron donors.
The gene encoding a tetrathionate hydrolase of A. ferrooxidans ATCC 23270 was identified. 46) This gene has been reported to encode an outer membrane protein highly synthesized in sulfur-grown A. ferrooxidans cells. 48) The finding that the Fe 3þ -reductase activity mediated by tetrathionate hydrolase showed maximum activity at pH 1.5-3.5 confirms that the enzyme is located on the outer membrane of A. ferrooxidans. To clarify the tetrathionate oxidation mechanism in A. ferrooxidans more precisely, we are now trying to purify rusticyanin, two c-type cytochromes, and aa 3 -type cytochrome c oxidase from tetrathionate grown ATCC 23270 cells, and to determine whether two c-type cytochormes, rusticyanin and cytochrome c oxidase, are reduced enzymatically in the presence of tetrathionate hydrolase, tetrathionate, and Fe 3þ .
